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We present a comprehensive analytical theoretical model for the relative intensity noise (RIN) spectrum
of integrated semiconductor quantum-well (QW) lasers under injection-locking. We use a novel setup by
employing an integrated electroabsorption modulator-laser (EML) to measure the RIN of the injection-
locked distributed feedback (DFB) laser, where the modulator section is used as a photodetector. The
EML has an anti-reﬂection coating on the laser side, so that an injection light from an external master
laser can be coupled effectively into the laser section. This scheme simpliﬁes the setup and reduces
the alignment loss between discrete optical components. Experimental data indicates that the injec-
tion-locking technique can reduce the RIN noise ﬂoor and increase the relaxation frequency of the laser.
We also compare the RIN spectra of the free-running laser with the injection-locked laser and show an
increase of the relaxation frequency from 3.7 GHz (free-running) to 11.3 GHz (injection-locked). By ﬁtting
the experimental data using our model, we show very good agreement between our data and theory. Our
model considers the optical conﬁnement factor of photons and carriers for quantum-well structure lasers.
We also improve the injection-locking RIN model by including the gain saturation from the master laser
noise.1. Introduction
An injection-locked laser system contains two semiconductor
lasers. The light from a master laser is injected into the slave laser
oscillating above threshold, and the injected radiation competes
with the spontaneous emission of the slave laser being ampliﬁed.
If the optical frequency of the injected light is close to the eigen-
frequency of the unperturbed laser, the slave laser will adjust its
frequency and coherence properties to that of the injected light.
When a complete locked state is reached, all of the power of the
slave laser is emitted at the optical frequency of the master laser.
This phenomenon is known as injection-locking. Injection-locking
technique is a promising candidate for high-bandwidth optical
transmitters. For analog ﬁber optical communication system, this
technique is an effective method to increase the laser relaxation
oscillation frequency [1–7], improve laser bandwidth [1–7], reduce
nonlinear distortions [8], suppress the frequency chirp and further
reduce the laser system noise [9–13].
Relative intensity noise (RIN) is a very important property for
semiconductor lasers which represents the laser’s intrinsic reso-
nance. For optical communication, low RIN ﬂoor is needed for
the transmitter to achieve desirable signal-to-noise ratio (SNR).The intensity noise spectrum shows a peak near the relaxation fre-
quency, which is an important parameter for the laser system and
directly related to the bandwidth of the laser. Several theoretical
simulations of noise characteristics have been reported [14–18]
and have predicted relaxation frequency enhancement with injec-
tion-locking [14]. However, little experimental work on RIN spec-
tra for injection-locked semiconductor lasers is available in the
literature [9,13,14,19] to conﬁrm the noise reduction of injection-
locking system directly. This is due to high-ﬁber coupling loss,
the optical signal is too weak to allow direct noise measurement
by the current testing equipment. In Ref. [13], an EDFA followed
by an optical ﬁlter were used to amplify the noise signal before
sent into the lightwave analyzer for detection. This method actu-
ally will add EDFA noise into the injection-locked laser noise. In
this paper, we report RIN experimental results and theoretical cal-
culations of an injection-locked distributed feedback (DFB) laser
using an integrated electroabsorption modulator-laser (EMLs) or
integrated laser-modulators (ILMs), as they are also known. An
electroabsorption modulator has commonly been developed
monolithically with an integrated DFB laser to eliminate coupling
loss at a joint [20–22]. This device has a higher reﬂection (HR) coat-
ing on the modulator side and an anti-reﬂection (AR) coating on
the laser facet (Fig. 1). In our experiment, we use the reveres biased
modulator as a photodetector and investigate the injection-locking
noise phenomena of the DFB laser. With the modulators acting as
Fig. 1. The schematic diagram of an integrated electroabsorption modulator-laser.
The laser facet is AR coated for optical output, and the modulator facet is HR coated.
Between the DFB laser and the modulator is an electrical isolation section.� � � � 
photodetectors, the number of connectors in our setup is reduced,
the electrical signal can be directly measured, and a more accurate
measurement is obtained. Also, the results for injection-locked
EMLs give us an opportunity to conﬁrm the theories of increased
relaxation frequency in injection-locked DFB lasers directly. As a
matter of fact, the external optical injection in integrated lasers
is also a relatively uninvestigated ﬁeld. Furthermore, this experi-
mental and theoretical work also gives us insight on the integrated
injection-locking detection system.
Our paper is organized as follows. In Section 2, we present a
comprehensive analytical RIN theory of an injection-locked inte-
grated semiconductor laser. In Section 3, the experimental data
and theoretical calculation results of RIN of an injection-locked la-
ser using an EML are discussed. Our conclusion is summarized in
Section 4.
2. Theory of relative intensity noise of an injection-locked
integrated semiconductor laser
A semiclassical analysis is used to analyze the RIN spectra of
semiconductor lasers. To determine the laser RIN, we must obtain
the total photon ﬂuctuation in the cavity DS(t), the total carrier
ﬂuctuationDN(t), and instantaneous frequency deviation /ðtÞ from_
their stationary values. Then we need to add appropriate Langevin
noise in these equations, and ﬁnd the power spectral density of the
photon ﬂuctuation. The rate equations for the slave laser ﬁeld are
based on Ref. [15], and we modify them according to the integrated
semiconductor laser, add nonlinear gain saturation coefﬁcients for
both slave and master lasers, and insert the optical conﬁnement
factor of the QW laser structure:
dSðtÞ DN 1¼ C G0 þ Gn ð1� eSðtÞ � eMSMðtÞÞ � SðtÞdt CV sp
(Normal slave laser terms)pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 
þ2k SðtÞSMðtÞcosð/ðtÞ � /MðtÞÞ 
(Injection-locking terms by the injected laser)
þ kf Sðt � sÞ cosð/ðt � sÞ �x0s� /ðtÞÞ ð1Þ sin
(Optical feedback terms by the EML modulator)
d/ðtÞ aGn¼ ð1� eSðtÞ � eMSMðtÞÞDNðtÞdt 2V
(Normal slave laser terms)pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 
�ðxi �x0Þ � k SðtÞ=SMðtÞ sinð/ðtÞ � /MðtÞÞ 
(Injection-locking terms by the injected laser)sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 
kf Sðt � sÞ þ sinð/ðt � sÞ �x0s� /ðtÞÞ ð2Þ sin SðtÞ � � 
� � � � 
� � 
(Optical feedback terms by the EML modulator)
dNðtÞ CVJ NðtÞ ¼ �
dt qd sn
DN�C G0 þ Gn ½1� eSðtÞ � eMSMðtÞ�SðtÞ ð3Þ CV
In the rate equations of photon density and phase of the slave laser,
there are three catalogs of terms: (1) normal slave laser terms. We
consider the additional gain saturation caused by the injected light;
(2) additional terms because of injection-locking; and (3) optical
feedback terms by the EML modulator section, according to the long
and Kobayashi model [23–24]. For the optical feedback terms, kf is
the feedback parameter. The sin is the round trip time in the laser
cavity, s is the round trip time of the light in the modulator section.
In our experiment, we reversed bias the modulator section and it
acts as an absorption photodetector. It is known that when the
biased electroabsorption section strongly absorbs light, the feedback
isweak and does not affect the locking of the laser section. Therefore,
in our ﬁnal model, we neglect the optical feedback terms or set kf = 0
to keep the model as simple as possible. The ﬁnal equations are:
dSðtÞ DN 1¼ C G0 þ Gn ð1� eSðtÞ � eMSMðtÞÞ � SðtÞdt CV sppﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ﬃ 
þ 2k SðtÞSMðtÞ cosð/ðtÞ � /MðtÞÞ ð4Þ 
d/ðtÞ aGn¼ ð1� eSðtÞ � eMSMðtÞÞDNðtÞ � ðxi �x0Þdt 2Vpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 
� k SðtÞ=SMðtÞ sinð/ðtÞ � /MðtÞÞ ð5Þ 
dNðtÞ CVJ NðtÞ DN¼ � � C G0 þ Gn ½1� eSðtÞ � eMSMðtÞ�SðtÞ ð6Þdt qd sn CV
where S(t) and SM(t) are the total photon number of the slave laser
and injected ﬁeld, u(t) and uM(t) are the phase of the slave laser
and injected ﬁeld, xi and x0 are the injected ﬁeld frequency and
the slave laser resonance frequency, k = c/(2ngL) is coupling coefﬁ-
cient, c is the velocity of light in the vacuum, L and ng are the length
and the group index, respectively. sP is the photon lifetime, sn is the
carrier lifetime, J is the current density, q is the unit charge, d is the
active region thickness, n(t) is the carrier density, a is the linewidth-
enhancement factor, and C is the optical conﬁnement factor of the
QW laser structure [25]. In QW lasers, the carriers and photons occu-
py different volumes. The total number of photons in the slave laser
is S(t) = S0 + DS(t) = V|E(t)|2, while E(t) is the optical ﬁeld. The total
number of carriers is N(t) = CV n(t). V is the optical mode volume.
The optical conﬁnement factor is well-known to be important for
separate conﬁnement quantum-well structures; however, it is usu-
ally ignored in literature on injection-locking. G0 is the cavity gain
coefﬁcient, and Gn = dG/dn|n = n0 is the differential gain. The gain sat-
uration is also included, where e and eV are the nonlinear gain satu-
ration coefﬁcients corresponding to the slave laser signal and the
injected signal. The nonlinear gain saturation coefﬁcients have been
used in earlier studies [26–28] on high-speed lasers where the gain
of the slave laser light is suppressed due to the presence of the in-
jected light. Ref. [26] employs two saturation terms because the in-
jected light and the internal light have orthogonal polarizations. In
our derivation, the injected light is slighted different from the slave
light. They both have contribution to the slave laser gain saturation,
which is also called the cross-gain saturation of laser ampliﬁers
[29,30]. Therefore, in our simulation, we need to consider both ef-
fects and use eM � e. This is an important phenomenon if we inject
light in the laser gain region and it cannot be neglected. Actually,
inclusion of C and eM is important to obtain consistent parameters
for the gain and differential gain for quantum-well lasers. Finally,
_ _
� � 
� � 
the above equations show that the slave laser will be affected by the
emission of the master laser. When a photon is spontaneously emit-
ted in themaster laser, it will cause deviations of the amplitudes and
phases of the slave and master laser ﬁelds from their stationary val-
ues. Thus, we must consider the master laser noise characteristics
when deriving the RIN of the slave laser.
Noise caused by spontaneous emission and carrier generation-
recombination is included in the rate equations by adding the
appropriate Langevin driving terms. For simplicity, we also assume
that the Langevin noise sources of the slave laser are independent
of the Langevin noises of the master laser. The two sets of noise
sources are uncorrelated. Neglecting the higher order terms, the
differential forms of the rate equations for the injection-locked la-
ser system with Langevin noise terms (FDS(t), FD/(t), FDN(t)) and
master laser noises (DSV(t), D/V(t)) are
1_DSðtÞ ¼  CG0ð1� 2eS0 � eMSM0Þ � þ kc DSðtÞ sP
þ GnS0 ð1� eS0 � eMSM0ÞDNðtÞ � 2ksS0D/ðtÞV
þ ðkcS0=SM0 � CG0eMS0ÞDSMðtÞ þ 2ksS0D/MðtÞ þ FDSðtÞ ð7Þ 
/ðtÞ ¼ D/ðtÞ 
¼ ks=ð2S0ÞDSðtÞ � kcD/þ aGn ð1� eS0 � eMSM0ÞDNðtÞ2V
� ks=ð2SM0ÞDSMðtÞ þ kcD/MðtÞ þ FD/ðtÞ ð8Þ 
DN_ ðtÞ ¼ �CG0ð1� 2eS0 � eMSM0ÞDSðtÞ 
1 GnS0� þ ð1� eS0 � eMSM0Þ DNðtÞ sn V
þ eMCG0S0DSMðtÞ þ FDNðtÞ ð9Þ 
wherepﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 
kc ¼ k SM0=S0 cosð/0 � /M0Þ 
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 
ks ¼ k SM0=S0 sinð/0 � /M0Þ 
We deﬁneDS(x), DU(x), DN(x), DSV(x), DUV(x), FDS(x), FDu(x),
and FDN(x) as the Fourier transforms of the truncated functions cor-
responding to DS(t), D u(t), DN(t), DSV(t), DuV(t), FDS(t), FDu(t), and
FDN(t). Using the Fourier transforms of Eqs. (7)–(9), and gain–loss
relation derived from the steady-state solution of Eq. (4),pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 
2kc ¼ 2k S0SM0 cosð/0 � /M0Þ ¼ �CG0ð1� eS0 � eMSM0Þ þ 1 , we ob-sp
tain the following linear algebraic equations.2 32 3 2 3 
jxþ a11 a12 a13 DSðxÞ b1ðxÞ 6 76 7 6 7 4 a21 jxþ a22 a23 54 DUðxÞ5 ¼ 4 b2ðxÞ5 ð10Þ 
a31 a32 jxþ a33 DNðxÞ b3ðxÞ 
where
a11 ¼ �kc � CG0ð1� 2eS0 � eMSM0Þ þ 1sP
a12 ¼ 2ksS0
a13 ¼ �GnS0ð1� eS0 � eMSM0Þ=V
a21 ¼ ks=ð2S0Þ 
a22 ¼ kc
a23 ¼ �aGnð1� eS0 � eMSM0Þ=ð2VÞ 
a31 ¼ CG0ð1� 2eS0 � eMSM0Þ 
a32 ¼ 0
a33 ¼ 1 þ Gnð1� eS0 � eMSM0ÞS0=Vsn
b1ðxÞ ¼ ½kcðS0=SM0Þ � CG0eMS0�DSMðxÞ þ 2ksS0DUMðxÞ þ FDSðxÞ 
b2ðxÞ ¼ �ks=ð2SM0ÞDSMðxÞ þ kcDUMðxÞ þ FD/ðxÞ 
b3ðxÞ ¼ FDNðxÞ þ eMCG0S0DSMðxÞ 
ð11Þ � � 
� � � � 
� � � � 
The power spectral density of the slave laser photon can be ob-
tained using the truncated function and Fourier analysis techniques
[17]. Then, the RIN of the slave laser is obtained as(
RIN 2 RsGn
2S0
2
2¼ 2 ð1� 2eS0 � 2eMSM0Þ½x2 þ ck � Df S20jYðxÞj V2
þðx2 þ k2c Þðx2 þ ce2ÞL1ðxÞ þ 4k2s S20ðx2 þ ce2ÞL2ðxÞ 
2GnS0�4ksS0ðx2 þ c2ÞRe½ðixþ kcÞL3ðxÞ� þ ð1� eS0e V
� eMSM0ÞRe½ðjxþ kcÞðjxþ c Þð�jxþ ckÞL4ðxÞ�e
4ksGnþ S0
2
ð1� eS0 � eMSM0ÞV )
�Re½ðjx� ckÞðjxþ c ÞL5ðxÞ� ð12Þe
where Re[. . .] stands for ‘‘the real part of [. . .]”,
c ¼ 1 þ Gnð1� eS0 � eMSM0ÞS0=V which is determined by the car-e sn
rier lifetime, the slave photon number, and the cavity gain,
ck ¼ kc � ksa which is related to the phase difference and detuning
between the slave and master lasers, and
� 
S0
�2
L1ðxÞ ¼  kc � CG0eMS0 PDSM ðxÞ þ 4ks2S02PDUM ðxÞSM0
kcþ Rsð2S0 þ 1Þ þ 4ksS20 SM0 � CG0eM Re½PDSMDUM ðxÞ� ð13Þ 
k2
L2ðxÞ ¼  Rs þ S PDSM ðxÞ þ kc2PDUM ðxÞ �  
kcks Re½PDSMDUM ðxÞ�2S0 4S2 SM0M0
ð14Þ 
1 kcksS0L3ðxÞ ¼  ðCG0eMS0ks � ÞPDSM ðxÞ þ 2kcksS0PDUM ðxÞ2SM0 SM0
S0 S0� k2s PDUMDSM ðxÞ þ ðk2c � kcCG0eMS0ÞPDSMDUM ðxÞSM0 SM0
ð15Þ 
CG0eMS2L4ðxÞ ¼ �Rs þ kc 0 PDSM ðxÞ ð16ÞSM0
ksCG0eMS0L5ðxÞ ¼ �  PDSM ðxÞ ð17Þ2SM0
In the equations above, PDSM ðxÞ, PDSMDUM ðxÞ; PDUM ðxÞ; and
PDUMDSM ðxÞ are the power spectra of the free-running master laser,
which can be obtained by setting SM(t) = 0 in Eqs. (4)–(6). |Y(x)|2
is the denominator of the RIN of the slave laser
YðxÞ ¼ jxðx2 �x2Þ �x2cþ A ð18Þr
where
SM0 ckGnS0CG0A ¼ k2c þ kcc CG0eS0 þ ð1� 3eS0 � 2eMSM0Þ ð19Þe S0 e V
The relaxation frequency of the slave laser is
2 1 1 1x ¼ CG0ð2eS0 � 1Þ þ  G0S0ð1� eS0Þ þ  þ k2 SM0r sn sPV spsn S0
eMSM0 1 1 G0eMS0SM0þ CG0 þ eS0 � CG0 � sn 2 sP sPV
2 eMSM0 1 1¼ xr free þ k2
SM0 þ CG0 þ eS0 � CG0S0 sn 2 sP
G0eMS0SM0� ð20Þ 
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The damping factor of the injection-locked laser is
GnS0 1 1c ¼ CG0ð2eS0 � 1Þ þ  ð1� eS0Þ þ  þV sn sP
þ eMSM0 CG0 � GnS0V
ð21Þ¼ cfree þ eMSM0 CG0 � 
GnS0
V
where terms of a higher order, e2S20 or eS0eVSM0, have been ne-
glected. xrfree and cfree are the relaxation frequency and the damp-
ing factor of the free-running laser, respectively. The nonlinear gain
saturation term due to the master laser, which represents the gain
change caused by the master laser injection, modiﬁes the damping
factor of the laser system.
For a free-running laser, there are no injected-photon SM(t) = 0
or SM0 = 0 and 1 � CG0. Thus, kc = ks = ck = 0. We input those valuessn
into Eqs. (4)–(6) and obtain the RIN, the relaxation frequency, and
the damping factor of a free-running laser.h i 
GnS0ð1�eS0Þ ðGnð1�eS0ÞS0 2RIN 2Rs V V � 2ce freeÞ þ ð2S0 þ 1Þðce free þx2Þ ¼ h 
S20
i 
Df ðx2 2 þ c2r free �x2Þ freex2
ð22Þ 
where ce free ¼ 1 þ GnS0ð1� eS0Þ=V . The relaxation frequency of thesn
free-running laser is
1 1 1
x2r free ¼ CG0ð2eS0 � 1Þ þ  G0S0ð1� eS0Þ þ  ð23Þ sPVsn sPsn
The damping factor of the free-running laser is
GnS0 1 1cfree ¼ CG0ð2eS0 � 1Þ þ  ð1� eS0Þ þ þ ð24Þ V sn sP
Compared with a free-running laser, the injection-locked laser is a
third-order system instead of a second-order system (free-running),
as shown by Eqs. (18) and (21). The injected-photon modiﬁes the
slave laser cavity properties, such as cavity gain decrease, relaxation
frequency increase, and damping factor variation.W
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Fig. 2. (a) The light output versus the DFB laser bias current, (b) optical spectra at
three modulator bias, and (c) the DFB laser wavelength at four bias current (I = 20,
30, 40, and 50 mA) as a function of the modulator bias voltage for the integrated
electroabsorption modulator-laser.3. Study injection-locking using integrated electroabsorption
modulator-lasers
3.1. Integrated electroabsorption modulator-lasers and their static
characteristics
The structure of the integrated electroabsorption modulator-
laser used is shown in Fig. 1. The device has three sections, which
are a distributed feedback (DFB) laser section, an electroabsorp-
tion modulator section, and an electrode isolation section. The
length of the DFB section is 300 lm, the isolation region is
83 lm, and the modulator section is 250 lm. The section between
the laser and the modulator provides electrical isolation in the
design.
The light–current (L–I) curves for this integrated electroabsorp-
tion modulator-laser were measured as function of modulator
voltage and they are shown in Fig. 2a. The power output is always
measured from the AR-coated facet. The optical spectra of the EML
at 30 mA current bias and different modulator voltage biases are
shown in Fig. 2b. The wavelength versus the current bias of the
DFB laser and voltage bias of the modulator is summarized in
Fig. 2c. The optical output power from the laser is not inﬂuenced
much by the modulator bias. There is also no mode-hopping for
this device when changing the voltage bias. When the modulator
is reverse-biased, the absorption in the modulator section in-
creases due to Franz–Keldysh or quantum-conﬁned Stark effects.When the modulator is forward-biased, the gain in the modulator
section increases due to the carrier injection [32]. If looking into
the modulator section from the isolation section, the modulator
section can be viewed as an effective reﬂection coefﬁcient and
phase for the optical ﬁeld at that boundary, which can perturb
the longitudinal photon density proﬁle of the laser cavity and
modify the cavity properties. For our device, the waveguide in
the laser section is straight, and the constant pitch of the laser al-
ready deﬁnes a speciﬁc Bragg wavelength and lasing wavelength.
Thus the inﬂuence of the modulator section on the DFB laser wave-
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Fig. 4. Optical spectra of the external master (injection) laser, the integrated EML
without injection (free-running slave laser), and the injection-locked EML under
external injection light in the injection-locking experiment. The DFB laser of the
EML (slave laser) is biased at 30 mA, and the modulator is biased at 0 V.length is mainly a small wavelength shift and not mode-hopping
[32].
3.2. RIN of injection-locked integrated electroabsorption modulator-
lasers
In this section, we present the experimental results of external
injections in an integrated electroabsorption modulator-laser,
using the modulator section of the EML as a photodetector. This
experiment utilizes the advantage of photonic integrated circuit
(PIC) technique to eliminate the disadvantages of using a more
complicated setup with a separate photodetector as presented in
[9]. The experimental setup is shown in Fig. 3. The injection signal
from a single-mode DFB master laser passes through an erbium-
doped ﬁber optical ampliﬁer (EDFA). A tunable 3-nm bandwidth
optical ﬁlter is used to remove excess signals on the side modes.
The injection level is monitored by an optical power meter before
it is injected into the EML where the laser section acts as a slave
laser. The optical signal is converted to an electrical signal using
the modulator photocurrent, ampliﬁed by an 18-dB gain micro-
wave ampliﬁer, and measured by the electrical spectrum analyzer
to obtain the RIN spectra of the locked laser section output. A T-
Bias is used to apply dc voltage onto the modulator section. In
our setup, the method of external injection is similar to typical
injection-locking with discrete semiconductor lasers. The
difference arises in the method of photo-detection of the slave
laser output for electrical analysis. In this case, the photodetection
occurs in the modulator section instead of using another high-
speed photodetector.
The inﬂuence of the modulator bias on the DFB laser should be
very small so that any bias change or ﬂuctuation in the modulator
will not change the detuning between the master laser and the DFB
laser on the EMLs, thus varying the injection condition and causing
the laser system to become unlocked. When we bias the DFB laser
of the EML at 30 mA, the wavelength difference between 0 V and
�1 V modulator voltage is only 0.006 nm or 0.75 GHz (see
Fig. 2c). This small difference will not switch the laser from the
locked to the unlocked state, which ensures that the photocurrent
generation is relatively independent at this voltage range. But the
wavelength difference between 0 V and �2 V is 0.04 nm (5 GHz).
This wavelength change cannot be neglected. Therefore, in our
experiment we only bias our modulator at 0 V and �1 V. Fig. 2c
also shows that 0 V bias occurs at the zero slope or near zero deriv-
ative of the wavelength–voltage curve, which is an ideal bias point
to measure the photocurrent spectra.Fig. 3. Experimental setup of RIN measurement of the injecting-locked DFB laser using
laser is injected into the AR facet of the integrated EML and the modulator is used as aThe optical spectra of the injection-locking experiment using
the EML are shown in Fig. 4. With the master laser turned off
and the DFB slave laser of the EML biased above threshold, there
is no external injection, and the slave laser is free-running. During
the experiment, the modulator is biased at 0 V. The free-running
slave laser is lasing at 1544.1 nm (30 mA bias) with a side-mode
suppression ratio (SMSR) of 44 dB. The master laser lases at
1544.2 nm with 50 dB SMSR. The detuning between the two lasers
is 12.6 GHz. The injection-locked laser has the same lasing wave-
length as the master laser and 50 dB SMSR. Thus, the injection light
has caused the slave laser to lase at the master laser wavelength,
resulting in an injection-locked condition. The RIN data of the
injection-locked DFB laser is shown in Fig. 5a. From these measure-
ments, we observe that the RIN peak shifts in frequency and ampli-
tude varies as a function of the injection intensity. The data are
limited by the noise ﬂoor of the electrical spectrum analyzer,
which are around �130 dB/Hz for low frequency range (between
21 MHz and 6.26 GHz) and �126 dB/Hz for high frequency range
(between 6.26 GHz and 12 GHz). We cannot resolve the signal be-
low this level. But we can still observe the reduction of the RIN
ﬂoor level under external injection. The spectra with higher injec-
tion power under injection-locking condition are below the noise
limit of the spectrum analyzer and lower than the free-running
slave laser (�126 dB/Hz) at low frequency range. The relaxation
frequency peak is around 3.7 GHz for the free-running laser. Thethe integrated electroabsorption modulator-laser. The pump light from the master
photodetector.
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Table 1
The laser modeling parameters.
Parameter Symbols Value
Cavity length L 300 lm
Active volume V 3.89 � 10�10 cm3
Effective index of refraction ng 3.33
Group velocity vg 9.0 � 109 cm s�1
Mirror loss am 42.15 cm�1
Intrinsic loss ai 23 cm�1
Optical conﬁnement factor C 0.15
Linewidth-enhancement factor a 1.8
Photon lifetime sp 8.5 ps
Carrier lifetime sn 0.13 ns
Differential gain g’l = g’u 3.6 � 10�16 cm2
Nonlinear gain saturation coefﬁcient eV�e 2.32 � 10�17 cm3
14 
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Fig. 6. The relaxation frequency versus different injection power of the injection-
locked laser system. The injection power is monitored by an optical power meter
before it is injected into the EML in the experiment. In the theory, a linear relation
Pin(mW) = 0.031 SM0 is used to convert the calculated injected-photon number into
the injection power.maximum observed relaxation frequency is 11.3 GHz, which is
three times the free-running value. As the injection intensity is in-
creased further, the RIN peak attenuates and drops below the noise
level. Our theoretical results are shown in Fig. 5b, which agree with
our experimental data. The theory clearly shows higher injection
level results in a lower noise ﬂoor and a larger relaxation fre-
quency. The values of the physical parameters are C = 0.15,
3 G0 = 8.7 � 1011 �1sp = 8.5 ps, V = 3.89 � 10�10 cm , s , Gn = 2.3 � 
3 �1 �110�5 cm s , sn = 0.13 ns, a = 1.8, k = c/(2ngL) = 1.5 � 1011 s , L =
300 lm, Rs = 2 � 1012 s�1, and ng = 3.33. The other important laser
model parameters are listed in the Table 1. In our calculation, some
of the parameters such as the effective index of refraction, intrinsic
loss, and the initial value of the differential gain are obtained from
independent measurements using the methods proposed in Ref.
[25]. The linewidth-enhancement factor was obtained by measur-
ing the injection-locking range [34]. The ﬁnal value of the differen-
tial gain and gain saturation coefﬁcients are ﬁtting parameters. To
simplify the calculation, because the wavelength of the injected
signal and the slave signal are very close, we use eM � e. The relax-
ation frequency versus injection power is plotted in Fig. 6. The
symbols are experimental data, and the line represents theoretical
results. We use a linear relation Pin(mW) = 0.031SM0 to convert the
calculated injected-photon number into the injection power to
compare with the experimental data. We also measure the RIN at
�1 V modulator bias, and the results overlap with our 0 V data as
expected. This conﬁrms that the modulator bias has minimal inﬂu-
ence on the DFB laser section. The modulator acts as a photodetec-
tor in our experiment to obtain the RIN of the injection-locked
laser section, which is much simpler and easier than using discrete
devices [9].Our results also show theoretically that the coherent addition of
the injected optical ﬁeld to the slave laser optical ﬁeld in the slave
laser cavity is the main reason for the improvement of relaxation
frequency. Without any injected signal SM(t) = 0, the rate equations
of the slave laser amplitude and phase are uncoupled (see Eqs. (4)
and (5)). Also the phase term is not necessary to solve for the total
photon spectrum. In an injection-locked laser system, the injected-
photon term connects the amplitude and phase of the slave laser.
The additional terms in the relaxation frequency of the injection-
locked laser system come from the phase-amplitude coupling.
Our theory also shows that the enhancement of the relaxation fre-
quency can be attributed to the intensity of the injected ﬁeld and
the gain change (caused by nonlinear gain saturation terms). Gen-
erally, any change in the injection power or the gain will alter the
relaxation resonance frequency [31]. Furthermore, an important
effect of external optical injection in the stable locking regime is
reduction of the cavity gain due to a reduction in carrier density,
which shifts the optical resonance frequency and eventually mod-
iﬁes the relaxation frequency [7,31,33]. Note that our model also
includes the optical conﬁnement factor of the separate conﬁne-
ment heterostructure QW laser and gain saturation from the in-
jected signal compared to the other RIN models, which are
important to obtain a reasonable value of differential gain.
Finally, our data clearly show that as long as we keep the mod-
ulator section slightly revised biased, the modulator section of EML
can be acted as an independent detector, which has little feedback
to change the injection-locking in the laser section. This is the ﬁrst
step to study an integrated injection-locking detection system. And
our data approves it is achievable. Since the EML used is an al-
ready-to-use and easy-to-obtain device, it is our ﬁrst choice for
the experimental study of injection-locking in the integration de-
vice. In the future, it is very meaningful to solve Eqs (1)–(3) and ob-
tain complete injection-locking model in the integrate devices to
reveal the feedback effects.4. Conclusions
In this paper, we have shown experimentally and theoretically
that the injection-locking technique can improve the relaxation fre-
quency of the slave laser, as well as lower the RIN ﬂoor level. In our
experiment, we use an integrated electroabsorption modulator-la-
ser, which simpliﬁes the experimental setup and reduce loss in data
acquisition. The static properties of the used EML are described,
including its physical structure and operation. The experimental re-
sults of the external injection in EMLs are shown, emphasizing a no-
vel method of obtaining the electrical spectra of the output light by
directly measuring the output photocurrent of the EML modulator
section. This differs from all previous external injection experi-
ments, which use a separate photodetector to produce the modu-
lated photocurrent. In summary, besides present a comprehensive
analytical theoretical model for the relative intensity noise (RIN)
spectrum of integrated semiconductor quantum-well (QW) lasers
under injection-locking, we also explore the possibility of the injec-
tion-locking photonic integrated circuit (PIC) technique.
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